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Abstract 
Photovoltaic system simulation tools are mostly used for the planning and yield prediction of power plants.  
During the commissioning procedure and especially during the operation of a photovoltaic power plant simple 
algorithms are used to convert the measured power under varying irradiance conditions to standard test conditions. 
Faults are only detected, if there is a significant deviation between the photovoltaic system power or daily production 
and the estimated production based on measured irradiance levels. In large PV power plants this can result in high 
economic losses, which could be reduced if the monitoring mechanisms were supported by precise modelling of the 
photovoltaic generator.  
In this work, an integrated monitoring and simulation method was developed and tested for very precise online 
simulation of photovoltaic power plants. The method is based on detailed one or two diode current-voltage curve 
modelling of the photovoltaic generator. Depending on the technology, between six (crystalline) and ten (thin films) 
modelling parameters for the IV curve are required. The parameters are either derived from the data sheet information 
of the PV modules or more precisely from measured IV curves of the modules at difference irradiance levels.  
Using simulated IV curves, an MPP tracking algorithm and voltage dependent inverter models, a simulation accuracy 
of 2% is reached, so that any problems with the PV generator can reliably be detected. Using internet based 
communication technology for the data exchange, the online simulation can be carried out directly on the site of the 
photovoltaic power plant or from any remote location. Remote simulation offers the advantage to the PV plant 
operator, that it can also be done as a simulation service and that the software environment does not need to be 
purchased. 
To demonstrate the method, online simulation of several grid connected PV generators up to the MW power range is 
carried out during the commissioning and operation of photovoltaic plants. A powerful visualisation within the same 
software environment includes both the monitored and the simulated online data sets, so that a very efficient fault 
detection scheme is available. The method is excellently suited to provide automatic and real time fault detection and 
significantly improve the commissioning procedure for photovoltaic plants of all sizes. 
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1. Introduction 
Since the economical performance of grid-connected photovoltaic plants critically depends on the 
electricity yield, a qualified commissioning of the system is important to ensure that the predicted power 
is reached and the functionality of the whole system is given. However, in practice varying 
meteorological conditions, temperature levels depending on the building integration level and shading 
effects complicate the commissioning procedure and the subsequent operational control of the PV plants. 
The quality of commissioning therefore strongly depends on the personal qualification, knowledge and 
the effort which is taken. In general practice the procedure of commissioning varies from a simple 
measurement of the actual system performance done by an electrician to detailed measurements of the 
current-voltage characteristic of the generator. Usually algebraic translation procedures are used to 
convert the measured data to standard test conditions [1, 2], which lack accuracy.  
Alternatively, one or two diode models can be used to simulate the performance with measured 
boundary conditions and then the system performance can be simulated at standard test conditions (for 
example using the simulation environment INSEL [3]). The experiences and obtained results using this 
simulation based commissioning procedure will be exemplarily presented for two building installations. 
The developed tool can also be used for continuous online monitoring of the photovoltaic system.   
 
2. Parameter extraction methods for IV curves 
If no IV curve measurements are available, a method developed by the authors can be used to obtain 
analytically six parameters for the one diode equation from the manufacturer data sheet. The new feature 
in the implemented algebraic equations is that the assumption of an infinite shunt resistance is no longer 
required [5]. INSEL now contains the one diode parameters for more than thousand PV modules. For 
modules not included in the database a block is provided in INSEL, which automatically generates the 
parameter sets for the one diode model and the simulation model for the new module from the data on the 
manufacturer datasheet. Using this method a complete model of the PV generator can be very fast 
developed in INSEL. The PV generator can be operated with an MPP tracker and the inverter is modeled 
using the Schmidt/Sauer equation requiring only three partial load efficiencies for the model parameter 
extraction [6]. Parameters for five hundred inverters are provided in the INSEL data base. As the 
parameters are only extracted from the STC condition data, the parameter fits work very well at high 
irradiance level, while at low irradiance there are significant deviations from monitoring data.  
If measured IV curves are available for the PV generator, a parameter fit algorithm has been 
implemented in INSEL to extract six parameters for the two diode equation. If the measured current 
voltage data sets are measured at different irradiance conditions, this 2 diode model performs extremely 
well.  
3. Commissioning and operational control of a building integrated generator in the UK 
The accuracy of the two approaches based on manufacturer data sheet information and IV curve 
measurements has been compared on a semi transparent PV demonstration plant installed at the 
University of Southampton with a nominal power of 11.4 kWp [8]. The PV system consists of 63 
ROMAG glass-glass modules with 6 different module types.  
 
- 19 modules type A and 19 modules type C, both with 77 BP cells but different module length 
- 19 modules type B with 84 BP cells 
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- 2 modules type D and type F both with 66 BP cells but different module length  
- 2 modules type E with 72 BP cells.   
 
The 63 modules are divided into seven strings, which are connected to four inverters (three Fronius 
multi string inverters IG 30 and one Fronius IG 15 inverter). 
           
   
Figure 1: Semi-transparent PV installation on the atrium roof of the Educational Office Building of the University of Southampton, 
UK 
Since the glass-glass modules were specially produced for the Southampton building, no standard data 
sheets were available for these modules. Only a data sheet of the used mono crystalline BP solar cells was 
provided, with temperature coefficients extracted from the BP 485 module data. The data sheet 
information was used to generate the one diode model of each of the 6 different module types.   
 
Table 1: Data sheet information of the 2.36 W mono crystalline silicon cells included in the semi transparent glass-glass 
modules 
MPP power  2.36W / cell 
Warranted minimum power  ±5% 
MPP current  4.85A / cell 
MPP voltage  0.49V / cell 
Short circuit current (Isc)  5.40A / cell 
Open circuit voltage (Voc)  0.61V / cell 
Temperature coefficient current (extracted from BP485 (36 cells) module 
data sheet) 
0.065 %/K  
Temperature coefficient voltage 
(extracted from BP485 (36 cells) module data sheet) 
-0.0222 V/K  
 
The one diode model parameters of the 6 different module types were then used to develop a complete 
model of the PV generator including the 7 strings and the 4 inverters. In addition for all of the installed 63 
PV modules IV flash-test data from the Romag module manufacturing line were available. This offered 
the opportunity to obtain the parameters of the two diode model using the parameter fit routine provided 
by INSEL for each module. The two model offers an excellent fit for each of the 63 installed modules 
when compared with the flash-test data.  
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Figure 2: IV and power characteristics calculated from the fitted two diode models for the 19 installed modules type A, compared to 
the one diode model 
The IV and power characteristics of the installed 19 modules type A have been calculated from the 
fitted two diode model of each module for STC conditions and are compared in Figure 2 to the 
calculation results gained from the one diode model developed from the data sheet information. The IV 
and power curves of the installed modules vary quite significantly from the expected IV and power 
characteristic calculated from the one diode model gained from the data sheet information of the used BP 
cells. At MPP the electrical power of the single installed modules are between 0.3 and 8% below the 
expected power.  
With the two diode models of the 63 installed modules, a complete model of the PV generator 
including the 7 strings and the 4 inverters has been developed. The two complete models of the PV 
generator consisting of the one diode models on one hand and of two diode models on the other hand 
were then used to calculate the IV characteristic of each string of the PV generator for standard test 
conditions and for one measured operation point of the PV system with a solar irradiation on the tilted 
module area of 700 Wm-2 and a module temperature of 40 °C. The results are shown in Figure 3 
exemplarily for string 1 of inverter 2. 
 
Figure 3: IV characteristic of string 1 of inverter 2 calculated from one and two diode model for different ambient conditions  
As visible from Figure 3 the IV characteristics calculated from the one and two diode models do not fit 
exactly. The difference between the two models is about 5% at the maximum power point (MPP). A 
variation between the data sheet information and the real system of about 5% is exactly within the range 
of the warranted maximum power.    
 
During commissioning the complete model of the PV generator was used to compare the simulated 
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performance with measured data of two days in June, one partly clouded and one with clear sky. The 
calculated and measured output performance of each inverter are then compared and analysed. The results 
for inverter 2 are shown in Figure 4. 
 
Figure 4: Simulated and measured output performance of inverter 2  
The simulated output performances fit very well to the measured performances of inverter 2 and 
4. The larger deviations in the time from 3 to 4 pm result from reflections on the solar sensors caused by 
an inclined roof glazing near to the sensors.  The difference in predicted energy output to measured 
energy over the two days period is 1 %.  
 
Figure 5: Simulated and measured output performance of inverter 3  
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The results gained for inverter 3 show a clear deviation between the calculated and the measured 
output performance. For a solar irradiation of 950 W/m² on the tilted collector area the measured output 
performance is 25 % below the calculated value. This clearly indicates a serious hardware problem within 
the two strings connected to inverter 3.  Since the measured DC voltage and current were separately 
available for the two strings, further analyses came to the result, that the output power of each string is 25 
% too low.  Using the simulation model it could be shown, that a good agreement between measurement 
and calculation is reached with three of the nine modules of each string disconnected. These connections 
can now be checked and repaired.  
Since nearly all market available inverters offer interfaces and programs to download or to store 
measured performance data of the PV plants, this is the easiest possibility to get performance data of the 
installed system during the measurement period. If a direct download of the performance data from the 
inverter is not possible, the performance data can also be obtained from the electricity counter by an 
optical impulse counter. 
After commissioning the developed PV system models can also be used for a long term system 
observation. In this case the inverter should be equipped with internal data storage capacity, where the 
performance data of the PV system is stored in e.g. 5 min mean values together with the values from the 
solar sensors. For the data transfer a modem or Internet connection (e.g. DSL with flat rate) is required to 
transfer the collected data to a data base on a PC. The simulation tool reads the data from this server via 
Internet, calculates the output performance of the PV system and writes the data back to the data base, 
from where it can be visualized e.g. on an Internet page, which can be accessed by the owner of the PV 
system. All of the required software interfaces are already available in INSEL.  
 
4. Munich Megawatt Generator control and commissioning 
In 1997 the world largest photovoltaic rooftop generator with a peak  power of 1,016 MWp was 
installed at the tradefair in Munich/Germany. The  generator has  7812 frameless 130 watt modules 
from Siemens Solar ( SM130-L). The  modules  are  mounted on lightweight support structures 
directly on the roof skin of the halls,  facing south direction at a tilt angle  of 28° to the 
horizontal. 
 
 
 
Figure 6: Aerial  view of the PV generator on the roof of the New Munich Trade Fair  Centre during construction in 
1997. 
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The  two part generators on each  roof are  asymmetric and  consist of 30 and  32 strings in 
parallel, respectively. The  copper  cables  on the DC side have  a maximum length of about 300 
m and cross sections between 150 and  400 mm2 . The  inverter consists of three units with an 
output of 330 kW  each  operated in master-slave mode. The  electric power  is fed into the 
medium voltage power  supply grid  via a 1 MVA  transformer from  400 V AC low voltage to 20 
kV. Since 1998 excellent monitored performance data are  continuously collected. Data files 
with time steps of one hour  and  one minute are  available. Performance ratios around 0.8 
indicate the high  quality of the generator. 
Twelve  of the installed modules  have  undergone measurements at the Fraunhofer Institute 
of Solar  Energy Systems ISE in Freiburg in the year  2005 with a Flash  Simulator following  
IEC  60904-3. The  peak  power  of the twelve modules  varies  between a minimum of 124.8 W 
and a maximum of 131.1 W.  In 2006 five of the modules  have  been  tested again.  The 
deviations from  the previous measurements are  between −0.39  % and  +0.24 %. According to 
ISE the measurement uncertainty for the power  value  is ±5 % so that no conclusion – about 
aging,  for instance – can  be drawn from  these results. 
 
The  simulated module  with the serial  number 710A3003  is closest to the name plate nomial  
power  of the SM 130 L module  with a measured nominal power  of 129.7 watt in 2005 and  
129.6 watt in 2006. A two diode  model  fit to the data resulted in a peak  power  of 129.1 watt 
derived from  the 2005 data and  129.7 watt for the 2006 data. Therefore, the fit to the 2006 
data of the measurement is used in the  simulations models for operational control of the 
generator.  
Cumulating the DC energies  over the complete year  gives a measured value  of 1110 MWh  
and  a simulated value  of 1167.5 MWh,  such  that the simulation is 5.2 % above  the real  data. 
Taking into account that the module  producer specifies the nominal power  tolerance with ±5 
%, the insecurities in the radiation measurement, and  the complete neglection of loss 
mechanisms, this is not  a bad result. The  measured specific energy  yield  of 1092.5 kWh  on 
the DC side per  kWp is remarkable for Munich. 
The  simulation model  is based  on the time series  of the measured global  radiation in the 
module  plane  and  the hourly  values  of measured ambient temperature data. No loss 
mechanisms like imperfections of the maximum power  point trackers, mismatch losses, 
reflection losses, cable  and  connection losses have  been considered in the first calculation. 
Hence it is reasonable that for all months the simulated data are  slightly higher  than the 
measured values. 
For the roof cablings copper wires with 70 mm2  cross sections are  used.  The generator 
terminal boxes are distributed over a length little less than 160 m. Neglecting the cable  losses 
in the series  connections of the modules  and  assuming that all generator terminal boxes  are  
symmetric an average cable  length of 40 m is required to connect each  string. The  simulated 
annual cable  loss cumulates to 26.6 MWh  or 2.28 %. Taking this loss into account the 
deviation between simulation and measured data reduces to +2.8 %. 
In PV generators with rows in fixed orientation shading can never be completely avoided, in 
particular in the morning and evening hours.  The distance between the module rows of the roofs 
of the New Munich Trade Fair Centre has been  designed so that no shading occurs  for a solar  
height of 15° at true solar  noon.  Calculating the solar position for each hour  of the year  2004 
the geometry of the New Munich Trade Fair  Centre generators results in 412 hours  during 
which shading occurs. During these 412 hours the simulated total DC energy without shading 
summarizes to 20.5 MWh. Since shading has a highly non-linear influence on the energy yield  of 
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PV modules it is quite diƥ cult to calculate the real  shading loss. The assumption that the 
loss is proportional to the shaded module area fraction leads to a simulated loss of 4.5 MWh  and  
reduces  the diơ erence between the simulated and  measured results to +2.4 % for the year  
2004. 
 
Beside the discussed loss mechanisms other losses caused by module mismatch, maximum power 
point tracking shortages, dirt, snow, broken cells, failures in the module interconnectors, losses due to 
maintenance, can occur. For example snow coverage in December and January caused a deviation 
between the total measured DC energy  (21.6 MWh) and simulation (30.1 MWh), i.e. 39.4 % higher. This  
effect is not yet included in the system model, as in general, it is diƥcult to predict the snow coverage  of 
PV generators since it does not  only depend on the weather but also on the maintenance of 
the generator.  
 
 
However, the excellent agreement between measured and simulated data of 2.4% precision for the 
New Munich Trade Fair Megawatt generator in the year  2004 has shown  that simulation models can 
provide excellent agreement with monitoring data and are very suitable for yield control.  
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Figure 7: Monthly DC energy  yield of the New Trade Fair  Munich PV generator measured in 2004 (red  bars) and  
simulated on the basis  of the two diode  model  fit at the measured reference  module  including cable  and  shading 
losses (green  bars), including cable  losses only (blue  bars), neglecting all losses (cyan  bars). 
5. Conclusions 
Using the described simulation procedure, a simple commissioning service has been developed, which 
is either based on manufacturer data only or better on module IV curve measurements. The simulation 
models can be used from the system design and yield prediction over the commissioning process and 
subsequently during operational control and thus guarantee a very high quality assurance of PV generator 
operation. It could be shown that even with manufacturer data sheet information only, the simulation 
models can predict the measured yield with less than 5% error, if irradiance conditions are reasonably 
close to STC conditions, where the data sheet information is given. If measured IV curves are available, 
best at different irradiance and temperature conditions, the accuracy of the simulations models is even 
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better at around 2%. Even large scale PV generators in the Megawatt range, where simulation models are 
based on very few IV curves measured, the accuracy of the simulation has been shown to be below 3%.  
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